The paper presents a combined experimental and theoretical approach to the understanding of hysteresis and adhesion contributions to rubber friction on dry and lubricated rough surfaces. Based on a proper analysis of the temperature-and frequency-dependent behaviors of nonlinear viscoelastic materials such as filler reinforced elastomer materials, master curves for the viscoelastic moduli are constructed. It is shown that the classical williams-Landel-Ferry equation cannot be applied in its simple form, but needs the introduction of an energy term describing the temperature dependency of glassy polymer bridges, which transmit the forces within flocculated filler clusters. The activation energy for carbon black and silica-filled elastomers is compared based on two different evaluation methods. The obtained dynamic data are shown to be related to a different friction behavior of elastomers regarding the two filler systems. Theoretical predictions of the stationary frictional behavior of the systems are in fair agreement with the experimental friction data at low sliding velocities. It is found that the formulated adhesion plays a dominant role on rough dry surfaces within this range of velocities.
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I. INTRODUCTION
In the last decade, much progress has been obtained in modeling the friction behavior of elastomer materials on rough substrates, which commonly can be described by fractal or self-affine roughness spectra. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The study of road surface texture by fractal geometry and its relationship to friction of slipping tires was highlighted by Rado 1 in the early 1990s, representing a starting point for the development of a first elementary hysteresis friction model. 2 The basic idea was the consideration of multiple frequency excitations governing the damping behavior of the dynamically strained rubber while sliding over rough interfaces. It was realized by referring to the spectral power density of the roughness spectra, which could be well described by three fractal descriptors. This concept was extended to apply for a more general description of rubber viscoelasticity on a molecular level 3 and a theory of dynamic contact on self-affine interfaces was developed, 4 allowing, e.g., for the prediction of the true contact area or the frequency interval of contact, which is of high relevance for the prediction of tire traction on wet roads. Later on, an even more fundamental approach to hysteresis friction on rough substrates was developed, which was based on a three-dimensional analysis of dynamic contact by referring to a two-dimensional spectral power density, 5 and other topics, such as adhesion, lubrication, and friction on wet road tracks, have been addressed. 6, 7 A comparison of the two models developed in Refs. 4 and 5 has shown that a quite similar behavior of the hysteresis friction coefficient and the true contact area with varying sliding velocity and temperature is predicted, which strongly depends on the track roughness and the viscoelastic properties of the rubber. 8 However, there are also general differences, e.g., for the predicted load dependency of the friction coefficient, which depends on the height distribution of the track profile in one case, 4 but is independent in the other case. 5 First experimental validations of the two models have shown a fair agreement between theory and measurements of the stationary friction coefficient of carbon-black-filled rubbers on asphalt 9 and corundum 10, 11 in the low sliding velocity range.
The theoretical and experimental developments of sliding friction on self-affine rough interfaces provide a fundamental physical background for the understanding of hysteresis and adhesion contributions for rubber friction on dry and lubricated rough interfaces. Technical relevance of this question is given, e.g., for dynamic contact problems of tires with road tracks during cornering and breaking, especially under antiblocking system ͑ABS͒ conditions. [11] [12] [13] [14] A deeper insight into the friction mechanism of tires can serve as a valuable tool in the development of tread compounds for specific applications, e.g., for dry, wet, or ice traction. In particular, a question of high interest is the microscopic mechanism governing the well-known improvement of wet traction of tire treads, when carbon black is replaced by silica. Recently, it has been argued that the improvement is due to differences in the morphology of the filler network, as quantified by the lower activation energy in the case of silica. 15 This was related to "dynamically softer" filler-filler bonds of the silica network, which can be assumed to be responsible for a deeper penetration of the rubber into the track roughness.
The aim of this paper is to study the relations between viscoelastic material properties of variously filled rubbers and friction properties on dry and wet rough surfaces by referring to the predictions of friction theory as well as experimental investigations of stationary friction at low sliding velocities. In the first part, a generalized master procedure related to the time-temperature superposition principle for filler reinforced rubbers is presented. In this context, vertical shift factors have to be introduced. They are interpreted via the thermal activation of glassy polymer layers between flocculated filler particles, which alters the stiffness of the filler network. The associated activation energy values are shown to be related to the filler type and polymer chain architecture. In the second part, the obtained master curves of the complex modulus serve as input functions for the prediction of friction coefficients on a broad frequency and velocity scale, which are compared to experimental friction data. The role of the dynamic-mechanical properties for the evaluation of rubber friction on rough surfaces is addressed, providing a deeper comprehension on how tread material properties influence tire traction. Finally, the impact of hysteresis and adhesion contributions to rubber friction under dry and wet conditions is demonstrated.
II. EXPERIMENT
The samples employed in this study include a solutionstyrene-butadiene rubber ͑S-SBR͒ with 50 wt % vinyl and 25 wt % styrene ͑BUNA VSL 5025-0 HM͒ often used for tread compounds and an amorphous EPDM ͑Keltan 512͒. The polymers were mixed with two different filler systems, carbon black ͑N339͒ and silica ͑Coupsil 8113͒. The Coupsil 8113 consists of silica particles coated with a bifunctional silane, ensuring a reasonable dispersability during mixing and formation of covalent bonds with the polymer during vulcanization. The formulation of compounds is completed with antiaging ͑2-phr IPPD͒ as well as processing agents ͑1-phr stearic acid and 2.5-phr zinc oxide͒. In order to achieve a sufficient level of elasticity, both polymers were cross-linked in a steam press with 1.7-phr sulfur in combination with 2.5-phr accelerator ͑CBS͒. The full formulations of the composites are listed in Table I .
The unfilled polymers were mixed on a roller mill for 5 min while the filled systems had a two-step mixing stage with first 5 min in an internal mixer followed by 5 min on the roller mill. The curing time was measured on a Monsanto rheometer at a temperature of 160°C and corresponds to t 95 , i.e., the required time to reach 95% of the maximum torque deduced from the vulcameter curves of each compound. Test samples were finally vulcanized in a heating press under 200-bar pressure at a curing temperature of 160°C.
The dynamic-mechanical measurements were performed in the torsion mode with 2-mm-thick clamped strip specimen on an ARES rheometer ͑Rheometrix͒. On the one side, the dynamic moduli were measured over a wide range of temperature at a frequency of 1 Hz and 0.5% strain amplitude. On the other side, in order for the master procedure to be applied, isothermal frequency sweeps between 0.1 and 100 Hz were applied at 0.5% and 3.5% strain amplitudes.
The stationary friction measurements were made at variable load with quadratic rubber sheets of 50ϫ 50-mm 2 size and 2-mm thickness on a rough granite surface. The characterization of surface roughness was performed by stylus measurements with a Form Talysurf Intra ͑Taylor Hobson͒ with a horizontal resolution of 0.5 m and a vertical resolution of 0.1 m.
III. VISCOELASTICITY OF ELASTOMER MATERIALS
Relaxation spectroscopy has been a useful technique over the last decades to investigate the relationship between the microstructure and some macroscopic properties of polymeric materials. The dynamic-mechanical analysis and the dielectric spectroscopy are probably the two most used techniques to provide some information on the frequency-and temperature-dependent relaxation processes occurring in the rubber matrix. In both cases, specific fluctuations of the material response are detected using small perturbations of the external force field. This leads for instance to the definition of the shear modulus G * ͑ , T͒ when a dynamic-mechanical deformation is applied to a rubber sample.
The introduction of the free volume and chain mobility concepts put the emphasis on the ability for a polymer matrix to rearrange within a shorter time with increasing temperature. The time-temperature superposition principle was then derived from this consideration, giving a unique picture on the viscoelastic behavior of polymers over a wide range of frequency. 16 The addition of a filler system, such as carbon black, improves the rubber mechanical properties by a reinforcing mechanism but at the same time introduces a nonlinear dependency upon the dynamic strain amplitude. 17, 18 The considerable change in the damping properties of the rubber must anyway be controlled, as it is directly connected with the phenomenon of heat generation resulting in an alteration of the product performance.
From a morphological point of view, the insertion of a filler structure in the polymer matrix strongly modifies the polymer dynamics in the vicinity of the particles, where the interaction with the filler surface hinders the chain mobility. It results in a slowed-down dynamics of the so-called "bound rubber" around filler particles, implying that the local glass transition of the polymer nanolayers close to the surface is occurring at significantly higher temperatures than the one from the bulk polymer matrix. This effect can typically be observed in polymer thin films and in the confining area between flocculated filler particles, which are separated by nanoscopic bridges of immobilized polymer. [19] [20] [21] [22] At moderate temperatures the polymer layers between flocculated filler particles are considered to be in a glassy state. Since these glassy polymer bridges are well attached to the filler surface, they can transmit large stresses between adjacent particles, leading to a high stiffness and strength of fillerfiller bonds. In turn, the stiffness and strength of the bonds and its thermal activation govern that of the filler network and the whole rubber sample. 15, 22 The associated structure of filler networks in elastomers is depicted in Fig. 1 , where the bound rubber and the glassy polymer bridges are indicated. The mechanism related to the thermal activation of the glassy polymer bridges is associated with an activation energy directly evaluated via an Arrhenius plot of the temperature-dependent elastic modulus. As an alternative solution, the activation energy of the glassy layers can also be determined during the master procedure through the different isothermal curve segments and the introduction of a vertical shift factor taking into account the temperature dependence of the filler reinforcement. Below, we will give a numerical comparison of both methods using different polymer and filler systems.
A. Time-temperature superposition principle
While the measurement of the modulus as a function of the temperature over a broad range at a given frequency can be realized on a broad temperature scale, the same mechanical characterization carried out at one temperature by varying the frequency can easily be applied only up to about 10 2 Hz. The estimation of the high-frequency moduli is, however, accessible via the time-temperature superposition principle. It states that the effect of changing the temperature is the same as applying a multiplication factor a T to the time scale. Reducing the relaxation data to the reference temperature T ref leads to the following expression:
This principle is often referred to as the Williams-LandelFerry ͑WLF͒ equation. 16 The constants C 1 and C 2 vary with the chosen reference temperature and in general also from polymer to polymer.
The application of the WLF equation is demonstrated in Fig. 2 for the case of the unfilled S-SBR. Since the systems must be in the thermodynamic equilibrium to be describe with the WLF formulation, sufficiently high chain mobility is required. This can be seen in the right diagram of Fig. 2 , where discrepancies between Eq. ͑1͒ and the experimental shift factors occur when the glass transition temperature of the polymer is approached. Details on the dynamic glass transition temperature of the unfilled rubbers and their WLF coefficients are listed in Table II .
B. Nonlinear viscoelasticity of filled rubbers
With the introduction of fillers as reinforcing agent, the complex interactions between the filler network and the polymer matrix are at the origin of strong nonlinear effects with respect to the amplitude of deformation. 17 The influence of the filler system during the master procedure is considered via the introduction of a temperature-dependent vertical shift factor physically interpreted as the activation energy of the glassy polymer bridges in the vicinity of nanoscopic gaps between adjacent filler particles. Figure 3 illustrates the necessity to introduce a vertical shift factor for low-frequency data, corresponding to high temperatures according to the WLF equation. Indeed, once the isothermal moduli segments are horizontally shifted with the same parameters as for the unfilled compound, the poor overlapping in the lowfrequency region indicates that the filler system is influencing the dynamic behavior within this experimental range and should be associated with a thermally activated mechanism. The physical origin of the observed shifting behavior is the superposition of two relaxation processes in filled elastomers, the one of the polymer matrix and that of the filler network. The applied horizontal and vertical shifting procedures allow for a separation of both relaxation processes. The evaluation procedure of the activation energies is demonstrated in Fig. 4 for the case of the carbon-black-filled S-SBR sample by plotting the logarithm of the vertical shift factors against inverse temperature. As expected, an Arrhenius dependence is found within a range of sufficiently high temperatures physically related to thermally activated processes with a probability of occurrence equal to exp͑−E a / RT͒, where E a is the activation energy and R is the gas constant. For a comparison of the different elastomer systems, the evaluation of activation energies was carried out at strain amplitudes of 0.5% and 3.5%, which are already in the range of nonlinear viscoelastic response. Therefore, the Kramers-Kronig relations are not fulfilled and both components of the dynamic modulus transform independently. Accordingly, GЈ and GЉ are considered separately during the application of the vertical shifting procedure. This different behavior at low frequency can clearly be seen in Fig. 3 , whereby the temperature dependence appears to be stronger for the loss modulus GЉ. Note that in the case of very small strain amplitudes, in the so-called plateau regime of the small strain modulus typically found for strains smaller than 0.2%, also filled systems show a linear response. In that case a simultaneous vertical shifting procedure of GЈ and GЉ must be applied, since both components form the complex modulus G * which is coupled to the stress relaxation modulus via Fourier transformation.
The results of the vertical shifting procedure are summarized in Table III . The activation energies of the different composites are found in the order of 10 kJ/ mol, corresponding to the physical range of van der Walls interactions and also consistent with the values presented in the literature. 15, 23 The data in Fig. 4 and Table III make clear that the activation energy decreases systematically with rising strain amplitude up to 3.5%. It also becomes obvious that for all systems the activation energy E a found for GЈ is smaller than that for GЉ. By referring to the dynamic flocculation model of rubber reinforcement, 22 the two activation processes can be traced back to the thermal activation of two kinds of filler-filler bonds, i.e., the glassy polymer layers between filler particles, which become softer with rising temperature ͑compare Fig.  1͒ . The activation energy associated with GЈ is related to an Arrhenius behavior of the force constant of filler-filler bonds in a virgin state, while the activation energy of GЉ corresponds to the force constant of softer filler-filler bonds in a damaged state, resulting from stress-induced breakdown and reaggregation of the bonds during cyclic deformations. With this concept the temperature dependency of the characteristic stress softening effect as well as filler-induced hysteresis up to large strain could be well explained, whereby the activation energies obtained from the vertical shifting procedure at 3.5% strain amplitude provided reasonable simulations for the stress-strain cycles between 5% and 100% strains. 24 These results indicate that the larger activation energies found for the very small strain amplitudes are possibly related to a dispersion effect of bond structures, i.e., a fraction of weaker filler-filler bonds which break initially at small deformations. For comparison reasons, the activation energies obtained directly from temperature sweeps of GЈ are shown in Table  III , as well. They are found to be systematically larger than the one from the frequency sweeps, because for temperature sweeps the dynamics of the filler-filler bonds is superimposed with that of the polymer matrix. This is in contrast with the mastering technique presented in Figs. 3 and 4 , where both dynamical processes are separated via the vertical and horizontal shifting procedures. As an example, the evaluation of the activation energies from temperature sweeps is shown for the EPDM systems in Fig. 5 , where the storage modulus log GЈ͑T͒ is plotted as a function of the inverse temperature T. Contrary to the unfilled sample, the addition of reinforcing fillers induces an Arrhenius-type temperature dependence above T g that can be described in the same way as before as a thermally promoted phenomenon. The Arrhenius behavior for the two filled systems is observed in the range of T g + 30°C and T g + 100°C, where the slope of the linear relationship between log GЈ and the inverse temperature determines the activation energy. A comparison between the two numerical methods listed in Table III reveals that the trend exhibited by the different compounds is unchanged, whether the activation energy is calculated on the basis of temperature or frequency sweeps.
An analysis of the results shown in Table III makes clear that two main effects must be mentioned. On the one side, the activation energy values of the S-SBR compounds are systematically higher than the one from the EPDM. On the other side, the samples filled with silica are associated with lower activation energy values. The concept of filler-filler bonds depicted in Fig. 1 allows for an explanation for this tendency, because the thermal activation of the glassy polymer bridges is expected to be affected by the interaction strength between polymer and filler surface. 20 Then the difference between S-SBR and EPDM can be explained by the higher amount of double bonds and styrene units contained in the SBR chains, which promotes the interaction between polymer and filler particles as compared to EPDM. The silica particles are in both cases chemically coupled with a silane agent to achieve a strong bonding between the polymer chains and the filler particle. This implies that the polymerfiller coupling is constituted with single "contact points," corresponding to the spatial location of the silane cross-links. On the contrary, the interaction between carbon black and the bulk polymer is dispersive and therefore materialized by an adsorbed layer of polymer chains with a modified dynamics in the vicinity of the filler particle. The interface is in this case distributed over the carbon black surface, which means that a large amount of polymer chains is involved in the bonding process. As a consequence, the required energy to activate thermally the immobilized polymer layers around and between adjacent filler particles is higher for the carbonblack-filled composites. This leads to the conclusion that during dynamic-mechanical deformations, the silica systems are dynamically softer than the carbon black systems. It can be related to dynamically softer hingelike filler-filler bonds via the immobilized interfacial layers between neighboring silica particles within the filler clusters or the filler network, respectively.
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IV. RUBBER FRICTION ON SELF-AFFINE SURFACES
The above results concerning the different viscoelastic material picture are important factors for sliding friction of rubber on rough surfaces, whereby the rubber is locally subjected to a deformation field due to the multiple scale asperities of the substrate. The details of this process involving surface roughness, contact mechanics, adhesion, and hysteresis friction are considered in the present section. The flexibility and hysteresis of filled rubber composites under dynamic deformation is of high importance for tires, when the contact between a tread element and a rigid rough road surface is considered. The ability of the rubber to deform and fill the cavities of the profile under dynamic excitation is a determining factor, for instance during ABS braking on wet roads, where the braking process leads to high-frequency ͑kilohertz to megahertz͒ deformations of the tread rubber material.
A. Characterization of surface roughness
Recent studies showed that the concept of self-affinity could be applied to measure the texture of many rough surfaces.
14 Self-affine objects exhibit an invariant behavior under anisotropic dilations represented by the local fractal dimension D that is interpreted as a quantitative measure of the surface irregularity in the case of rough profiles. For an estimation of the surface descriptors, one can refer to the height-difference correlation function C z ͑͒ physically representing the mean-square height fluctuations with respect to the horizontal length scale , 
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where the average ͗…͘ is taken over all realizations of the profile z͑x͒. For self-affine surfaces, characteristic scaling properties lead to a power-law dependence for the heightdifference correlation function below a certain length scale,
and a plateau value Ќ 2 is reached for ജ ʈ . Both length scales Ќ and ʈ describe the maximum roughness parallel and perpendicular to the profile, below which self-affinity is fulfilled. D is the surface fractal dimension ͑2 Ͻ D Ͻ 3͒. The evaluation of these three fractal descriptors is illustrated in Fig. 6 for the profile of a granite surface as characterized by stylus measurements.
The spectral power density S͑f͒, required for the estimation of the hysteresis friction coefficient, is analytically derived in a similar manner as a function of the surface descriptor set ͑D , Ќ , ʈ ͒.
B. Evaluation of the real area of contact
The real area of contact is of considerable importance, as it determines the amount of cavities filled by the rubber and the number and size of local contact spots involved in the frictional process. In the case of self-affine surfaces, the interval of contact is found to be distributed over many length scales. It can be derived from an energy condition, stating that the elastic deformation work necessary to fill up a cavity should be larger than the elastically stored energy in the stress field of the rubber, 4 
͑͒
2 h͑͒ ജ ͉E * ͉͑͒h 3 ͑͒. ͑4͒
Here, ͉E * ͉͑͒ is the norm of the complex dynamic modulus at frequency =2v / , v is the sliding velocity, and h͑͒ is the deformation of the rubber while filling up a cavity of horizontal size . From Eq. ͑4͒ a minimum contact length min can be evaluated, characterizing the smallest length scale where cavities are filled up with rubber under an applied load ͑͒. The theory of dynamic contact we used here is based on a generalized Greenwood-Williamson approach, where the contact parameters, such as real area of contact, penetration depth, or load, are related to each other via the distance d between the rubber and the mean profile height of the substrate. 4 It involves the Greenwood-Williamson ͑GW͒ functions,
as characterized by the height distribution ͑z͒ of the substrate profile with discrete values n = 0, 1, and 3 / 2. Here t ϵ d / is the normalized distance with respect to the variance of the height distribution ͑z͒. The real area of contact is then derived as the sum of "external" contact spots with the surface summits, scaling with F 0 , and "internal" contact spots with the surface cavities, depending on F 3/2 . It can be evaluated via the scaling behavior exhibited by the microscopic summits and cavities of the profile as the following:
.
͑6͒
The parameter s is an affine scaling factor of the order one, which relates the height distribution ͑z͒ of the roughness profile to the summit height distribution s ͑z͒ at the largest roughness scale. A good agreement was found between a numerical approach and an analytical method for the estimation of the summit height distribution s ͑z͒. The numerical method calculates the local maxima within a length scale equal to the horizontal cutoff length ʈ in accordance with the generalized Greenwood-Williamson theory. The maxima distribution is then compared with an analytical transforma- tion of the profile, shifting the points to the maximum profile height in an affine way, which determines the affine scaling factor. 8 For the granite surface this procedure yields the value s = 1.204, which is taken as a fixed parameter for the simulations below. Note that the GW function F 3/2 in Eq. ͑6͒ is related to the summit height distribution s ͑z͒ at the largest roughness scale with variance s = / s. By referring to the scaling factor s, the corresponding distance d s can also be expressed by the distance d. Both distance parameters d s and d can be evaluated as ͑inverse͒ GW functions of the applied load 0 , implying that Eq. ͑6͒ determines the real area of contact in dependence of load and sliding velocity for a given set of surface descriptors and viscoelastic data. Figure 7 shows the simulations of the real area of contact in the range of low sliding velocities on the granite surface, calculated on the basis of the frequency-dependent complex modulus at 3.5% strain for the various S-SBR samples. The load is fixed at 0 = 12.3 kPa. The curves are simulated within the velocity range of stationary sliding friction ͑10 −6 -1 m/s͒ for the silica-and carbon-black-filled S-SBRs in comparison with the same polymer without any filler system. The results indicate that the real area of contact is much higher in the case of unfilled material and lies around 0.3% of the nominal area at very low velocities. This effect is attributed to the soft character of unfilled rubber that promotes an improved ability for the rubber to follow the asperities of the rough substrate. A monotone decrease of A c with rising velocity is observed, which can be related to an increase of the material stiffness while approaching the glassy domain, limiting the penetration of the surface corrugations in the rubber.
The examination of the filler effect gives an indication about the filler performance regarding interlocking properties. The silica-filled S-SBR exhibits a significantly higher real area of contact compared to the carbon-black-filled system ͑about 50% larger at 10 −6 m/s͒, while the difference tends to become smaller at higher velocities ͑but still lies around 20% at 1 m / s͒. This numerical evaluation is in accordance with the lower activation energy values exhibited by the dynamic-mechanical analysis of the silica-filled compounds. They indicate that silica fillers inserted with silane as coupling agent in the polymer matrix result in dynamically softer rubber composites, as compared to carbon black. A typical example of this technology is the introduction of silica-filled tire treads, generally referred to as "green tires," with an improvement of the dynamic contact conditions of the tire with the road, as indicated by better dry and wet grip properties.
C. Hysteresis and adhesion friction contributions
Recent models have investigated the rubber friction on rough surfaces with the main objective of providing an analytical tool for a better understanding of the dynamic contact of tires with road tracks. In particular, the frictional force is in this case originated via the dissipated energy resulting from stochastic excitations of the sliding rubber by the surface asperities on various length scales. [2] [3] [4] [5] Indeed, a sliding phase with a velocity v between rubber and a rigid asperity is equivalent to dynamic excitation with a frequency f =2v / , where corresponds to the length of the asperity.
Fractal descriptors consider the scaling behavior exhibited by many rough surfaces over a typical range generally comprised between micron and millimeter length scales. Therefore, for one defined velocity, the dynamic contact can be expressed as the sum of elementary excitation processes continuously distributed over many decades of frequency. This allows the evaluation of the hysteresis friction coefficient on rough surfaces on the basis of rubber viscoleastic data and the power spectrum density S͑͒ issued from the fractal analysis of the profile,
Here, 0 is the load, v is the sliding velocity, and ͗␦͘ is the excited layer thickness of the rubber, which is assumed to be proportional to the mean penetration depth ͗z p ͘ of the asperities in the rubber, given by ͗z p ͘ = F 1 ͑d / ͒. In the present model ͗␦͘ cannot be evaluated exactly and the hysteresis friction level depends on the free parameter b = ͗␦͘ / ͗z p ͘. However, we note that indentation experiments monitored by photogrammetry have been carried out and compared to finite element simulations, recently. This was done in view of an estimation of the parameter b via a quantitative characterization of the strain field in the vicinity of the surface asperities. This experimental setup can give a better insight of the contact conditions for different compounds, pointing out in which way the free parameter b is varying and how the mechanical energy is dissipated during the frictional process. 25 In the following, the friction curves predicted by Eq. ͑7͒ are compared to experimental stationary friction data performed on filled systems under different contact conditions. The measurements are carried out at low sliding velocity between 10 −5 and 10 −2 m / s so that no heat buildup occurs and the temperature at the interface remains constant. The obtained results emphasize the role of the hysteresis during the frictional process especially when the surface conditions are modified through the addition of lubricant. Figs. 8 and 9 demonstrate that the model predictions agree fairly well with experimental friction results for the carbon-black-and silicafilled S-SBR samples on a granite surface at fixed load of FIG. 7 . Calculated ratio between real and nominal areas of contact for the unfilled and filled S-SBR composites on the granite surface. Simulations are made for 3.5% strain amplitude at an external load of 0 = 12.3 kPa.
12.3 kPa. The simulated friction curves were estimated with viscoelastic data measured at 3.5% strain amplitude. The use of this strain amplitude for the complex modulus is considered to be representative for the average strain originated from the highly inhomogeneous strain field at the applied moderate load.
If the surface is lubricated with a stabilized waterdetergent film, one can expect that adhesion effects are totally suppressed and friction is due to pure hysteresis. Indeed, the observed continuous increase of the experimental results with respect to the sliding velocity in Fig. 8 can be well described by the simulated hysteresis friction curve. Both the experimental data and simulations indicate that at low sliding velocities the hysteresis level is somewhat larger for the S-SBR/N339 composite, even though the free front factor b = ͗␦͘ / ͗z p ͘ is found to be slightly smaller for the carbon black system ͑Table IV͒. With rising velocity the hysteresis friction curve of the silica system increases more rapidly than the carbon black system and a crossover appears at about 10 −3 m / s. For larger sliding velocities the hysteresis of the silica system is exceeding that of the carbon black system. This behavior can be traced back to the lower activation energy of the silica system ͑Table III͒, implying that the dynamic stiffness of this composite increases more slowly with rising excitation frequency ͑or sliding velocity͒ than that of the corresponding carbon black composite. It implies that in the case of silica the excited layer thickness ͗␦͘ = b͗z p ͘, entering the friction integral Eq. ͑7͒, is larger and decreases less rapidly with rising velocity. The resulting higher hysteresis friction values of the silica composite at sliding velocities above 10 −3 m / s correlate with the well-known advantages concerning wet traction properties of silica tires, since the characteristic sliding velocity, e.g., for ABS braking is in the range of 1 m / s. Note, however, that at such high velocities the predicted hysteresis friction isotherms become very large and the associated thermal heating of the rubber cannot be neglected. Accordingly, the final level of hysteresis friction in the velocity range v Ϸ 1 m / s depends also on the thermal material parameters of the rubber composite such as heat capacitance or thermal conductivity, which may differ for the silica and carbon black systems.
The influence of the contact conditions on the dry and lubricated friction data is significant for both filler systems. The friction values of filled S-SBR on the unlubricated dry granite surface are quasi-independent of the sliding velocity and with a magnitude strongly influenced by the filler type. The additional contribution under dry conditions is interpreted in terms of adhesion effects occurring at the rubbersubstrate interface, which scale with the real area of contact A c . Accordingly, the friction coefficient can be written as
The adhesion force F A is determined by the interfacial true shearing stress s , required to break the contact junctions. This quantity is treated as an open parameter that can be estimated from a fit to the experimental data. Figure 9 shows the difference of the friction coefficients ⌬ obtained under dry and lubricated ͑water detergent͒ conditions on the granite surface for the two filler systems in the range of low sliding velocities. Obviously, the data can be well adapted with the adhesion friction coefficient shown as the dashed lines, demonstrating that a proper description of rubber friction on dry surfaces is possible with Eq. ͑8͒ and lead to satisfying correlation in the range of low sliding velocities. As expected, the adhesive component decreases successively with increasing sliding velocity. It is interesting to note that the different levels of ⌬ for the carbon black and silica systems depicted in Fig. 9 correlate to that of the real area of contact shown in Fig. 7 . Indeed, the same difference of about 40% is found for the silica-and carbon-black-filled systems. This is quantified by the examination of the fitting parameters s , which is found to be almost equal for both filler systems. It confirms that the level of adhesion friction is governed by the real area of contact, which is found to be significantly larger for the silica system. The values of the two open parameters b and s , obtained from adaptations to experimental friction data under dry and lubricated conditions for three different loading levels, are summarized in Table IV . The front factor b = ͗␦͘ / ͗z p ͘ is found to be independent of load and differs slightly for the two filler systems. The obtained values are comparable with those from similar friction studies carried out on two corundum surfaces. 8 The real shearing stress s , required to break the contact patches, increases with load for both filler systems. The opposite behavior is observed for the characteristic length scale of adhesion l s , also listed in Table  IV , which is defined by s as follows:
Here ⌬␥ is the change in interfacial free energy per unit area ͑work of adhesion͒ when the two solids come into contact. It has been evaluated from measurements of the surface energy ␥ S and ␥ R of the granite surface and the rubber samples, respectively, by applying the formula
From contact angle measurements one obtains ␥ S = 62.9 mN/ m for the smooth polished granite surface, ␥ R = 19.8 mN/ m for the carbon black and ␥ R = 25.1 mN/ m for the silica-filled S-SBR sample. This yields quite similar changes in the interfacial free energy ⌬␥ = 70.6 mN/ m and ⌬␥ = 79.5 mN/ m for the carbon black and silica systems, respectively, when coming in contact with the granite surface. By applying Eqs. ͑9͒ and ͑10͒, the values of l s are found in the range of a few nanometers ͑Table IV͒, indicating that the adhesion energy is dissipated on atomic length scales. This seems to support the classical models of adhesion friction of rubber, as proposed, e.g., by Cherniak and Leonov, 26 since l s can be identified with the jumping distance of polymer chains while moving over the substrate. However, it must be criticized that the use of the static work of adhesion ⌬␥ does not consider the strong time or velocity dependency of adhesion effects of viscoelastic solids. This is closely related to the strain energy release rate G when the crack between sliding rubber and substrate opens at the edge of the contact patches. 27, 28 In the case of linear viscoelastic solids, G can be identified with an effective work of adhesion ⌬␥ eff , which increases with rising velocity according to a power law. When a critical velocity is exceeded ͑v Ͼ v c ͒ , ⌬␥ eff approaches a constant saturation value determined by the ratio of the elastic modulus E͑͒ in the limit of infinite and zero frequency, 29, 30 ⌬␥ eff = ⌬␥͑E ϱ /E 0 ͒. ͑11͒
From the viscoelastic data shown in Fig. 3 we can conclude that in the case of carbon-black-filled S-SBR at small strain amplitudes, E ϱ is about two orders of magnitude larger than E 0 . Accordingly, the effective work of adhesion at large sliding velocities is significantly larger than the static one ͑⌬␥ eff / ⌬␥ Ϸ 10 2 ͒. If ⌬␥ eff is inserted into Eq. ͑9͒ instead of ⌬␥, one obtains for the length scale of adhesion l s Ϸ 0.5 m, which can be identified with the characteristic size of the so-called process zone of the propagating crack between the adhering rubber surface and the substrate. With this approach one can now understand the observed load dependency of s ͑Table IV͒, because ⌬␥ eff is expected to increase with load, due to the well-known decrease of the rubber elastic plateau E 0 with rising strain amplitude ͑Payne effect͒.
We finally point out that the critical velocity v c , where ⌬␥ eff approaches the saturation value given by Eq. ͑11͒, strongly depends on the glass transition temperature T g of the rubber and the amount of filler. A crude estimate of v c can be obtained with a recent approach of Persson and Brener, 30 which is based on a relaxation time spectra for the glass transition according to the Rouse model. It yields
Here, v 0 = a 0 / ͑2 0 ͒ depends on an atomic cutoff length a 0 Ϸ 10 −10 m and the largest relaxation time 0 of the Rouse spectra, the so-called entanglement time, which is strongly affected by the glass transition temperature. For the S-SBR used in this study, the glass transition temperature is quite high ͑T g Ϸ −20°C͒ due to the large amount of vinyl units ͑50%͒. The corresponding relaxation time 0 is relatively large. It can roughly be extracted from the GЈ data of the unfilled sample in Fig. 2 . At room temperature ͑20°C͒, the incline from the rubbery plateau behavior to the glass transition regime is found at about 1 Hz, implying that 0 is of the order ϳ1 s. Then with E ϱ / E 0 Ϸ 10 2 for the filled S-SBRs, one finds v c Ϸ 10 −5 m / s. Accordingly, the measured friction data in Figs. 8 and 9 all fall into the saturation regime of ⌬␥ eff , indicating that the applied evaluation procedures are reasonable. However, with falling glass transition temperature T g the entanglement time 0 decreases rapidly, leading to a significant increase of v c . For that reason, the filled EPDM composites, with a lower T g Ϸ −50°C, are expected to show a qualitatively different friction behavior under dry conditions. This is indeed observed, e.g., for the friction coefficients of the carbon-black-filled EPDM system depicted in Fig. 10 . The behavior of the lubricated friction is quite comparable to that of the filled S-SBR shown in Fig. 8 , but in contrast, for the friction under dry conditions a pronounced increase of the friction coefficient with rising velocity is observed. This indicates that the effective work of adhesion ⌬␥ eff increases over several velocity decades until the final saturation value, given by Eq. ͑11͒, is reached above a critical velocity v c Ϸ 10 −3 m / s. Accordingly, due to Eq. ͑12͒ the entanglement time 0 of the EPDM is conjectured to be about two orders of magnitude smaller than for the S-SBR. This is in agreement with the experimentally observed shift of the dynamic glass transition by about two frequency decades. A similar friction behavior as in Fig. 10 on dry surfaces can be observed for unfilled rubbers, because in this case the ratio E ϱ / E 0 is about one order of magnitude larger than for the filled system. According to Eq. ͑12͒, this leads to a pronounced shift of the critical velocity v c to larger values, implying that for low T g polymers the saturation regime of ⌬␥ eff is not observed in the low sliding velocity regime up to 10 −2 m/s.
V. SUMMARY AND CONCLUSION
Dynamic-mechanical analysis has become a standard technique to measure the temperature-and frequencydependent behaviors of viscoelastic materials such as elastomers. The presence of fillers in rubber components, justified by the enhanced mechanical properties, introduces, however, strong nonlinear effects in the dynamic behavior due to the complex interactions of the filler network with the polymer matrix. As a consequence, the classical WLF equation cannot be applied in its simple form, but needs the introduction of vertical shifting factors due to a superimposed Arrhenius-type thermal activation. The activation energy has been the estimation for different polymer and filler systems and could be explained on a microscopic level via the temperature dependency of immobilized polymer nanobridges between adjacent filler particles with a slowed-down dynamic.
The lower activation energy of silica-filled composites is found to be related to a favorable interlocking of the rubber with a rough substrate. Indeed, the calculation of the real area of contact in the frame of the proposed friction model shows significantly larger values for the silica-filled system in the range of low sliding velocity. Experimental investigations of sliding friction demonstrate that the same tendency, i.e., larger values for the silica-filled system, is also found for the difference between dry and lubricated ͑water detergent͒ frictions. Consequently, prediction of rubber friction on dry rough surfaces has to include interfacial effects occurring at the contact patches. The introduction of an adhesion friction component proportional to the real area of contact enables a global picture of the frictional behavior of filled elastomers. With this approach, the transition from lubricated to dry friction can be analytically described. Thereby, an effective work of adhesion ⌬␥ eff considering the viscoelastic energy dissipation in the crack opening area at the edge of the contact patches, has been included in the studies.
The developed model of hysteresis and adhesion friction provides an analytical tool for a deeper understanding of the dynamic contact of tires with road tracks and the improvement of critical driving phases such as cornering or braking with antiblocking system ͑ABS͒. A closer examination of tread deformation during ABS braking leads to the conclusion that the contact region near the entrance undergoes a deformation regime with sliding velocities smaller than 10 −2 m / s, while the region close to the exit of the contact patch is subjected to larger sliding velocities of the order of ϳ1 m/s. 12, 13 Accordingly, due to the deformation of tread elements the traction properties of tires are strongly affected by the adhesion effects in the low sliding velocity range. This makes clear that the results concerning the role of the glass transition temperature T g and the modulus ratio E ϱ / E 0 on the effective work of adhesion ⌬␥ eff are also relevant for tire traction. In particular, the application of high T g elastomers in tire treads, such as the vinyl S-SBR used in this study, implies strong adhesive interactions in the low velocity regime, because the maximum saturation value ⌬␥ eff = ⌬␥E ϱ / E 0 is realized on a broad velocity scale below 10 −2 m / s, which exceeds the static work of adhesion ⌬␥ by about two orders of magnitude. We note that this effect is also partly present for wet traction, since, dependent on the roughness of the track, the real area of contact is reduced on wet roads, but is not vanishing totally as in the present case of lubrication with a stabilized water surfactant film. This can be concluded from the experimental friction data of various filled S-SBR composites on corundum surfaces. 31 An important point is the strong influence of the strain amplitude on dynamic properties of filled compounds. As presented in this work, increasing the deformation leads to a completely different picture regarding the mechanical dissipated energy in the rubber during cyclic deformation. An increase of the strain amplitude modifies the level of hysteresis friction and leads to a less pronounced increase of the friction coefficient with rising velocity. 9 Accordingly, the strain amplitude can be considered to be an additional free parameter to optimize the prediction of friction models on rough surfaces under lubricated conditions. In the present work we found that a strain amplitude of 3.5% was well suited for modeling the friction behavior of filled rubbers in the moderate load regime around 10 kPa. However, we point out that considerations of higher strains are necessary to describe the frictional behavior of tire treads on road surfaces, since the load is about two orders of magnitude larger in this case. 
